Abstract. Liquid chromatography-electrospray ionization-infrared multiphoton dissociation (IRMPD) mass spectrometry was developed to investigate the distributions of intrastrand crosslinks formed between cisplatin and two oligodeoxynucleotides (ODNs), d(A 1 T 2 G 3 G 4 G 5 T 6 A 7 C 8 C 9 C 10 A 11 T 12 ) (G3-D) and its analog d(A 1 T 2 G 3 G 4 G 5 T 6 T 7 C 8 C 9 C 10 A 11 T 12 ) (G3-H), which have been reported to adopt different secondary structures in solution. Based on the formation of sitespecific fragment ions upon IRMPD, two isobaric crosslink products were differentiated for each ODN. The preferential formation of G 3 G 4 and G 4 G 5 crosslinks was determined as a function of reaction conditions, including incubation temperature and presence of metal ions. G3-D consistently exhibited a greater preference for formation of the G 4 G 5 crosslink compared with the G3-H ODN. The ratio of G 3 G 4 :G 4 G 5 crosslinks increased for both G3-D and G3-H at higher incubation temperatures or when metal salts were added. Comparison of the IRMPD fragmentation patterns of the unmodified ODNs and the intramolecular platinated crosslinks indicated that backbone cleavage was significantly suppressed near the crosslink.
Introduction

H
airpins, characterized by DNA engaged in intrastrand base pairing, are one of the simplest secondary structural elements of nucleic acids and have proven to play important roles in a number of biological processes, including DNA replication, the regulation of gene transcription, and DNA recombination [1] [2] [3] [4] [5] [6] [7] [8] [9] . The thermodynamics and kinetics of the formation of DNA hairpins and their interactions with other ligands have been extensively studied using spectroscopic methods, such as absorption [10] , fluorescence [11] [12] [13] [14] , circular dichroism [15, 16] , NMR [17] [18] [19] , X-ray crystallography [20] , and gel electrophoresis [21] . Unraveling the recognition and interactions of DNA with drugs or other ligands remains a key interest, and there are unresolved questions about the degree of conformational changes of DNA that occur during ligand binding. A number of studies have sought to elucidate the kinetics and thermodynamics of ligand binding to hairpin DNA (as well as other conformations of DNA) [8, 9] . Hairpin structures offer a compelling target because of the significant differences in electrostatic environment and accessibility between the stem and more open loop regions.
There has been particular interest in the reactions of platinum complexes with various DNA structures, including hairpins. Within the cellular environment, the most widely used anticancer drug, cis-diamminedichloroplatinum (II) (cisplatin), is hydrolyzed and then reacts with cellular DNA. The predominant products are 1,2-intrastrand crosslinks involving adjacent bases, primarily as cis-[Pt(d(GpG))(NH 3 ) 2 ] (60 % -65 % abundance) or cis-[Pt(d(ApG))(NH 3 ) 2 ] (20 %-25 % abundance) [22] [23] [24] . Coordination of platinum by DNA is known to induce considerable bending and unwinding of the DNA and may even cause conversion of hairpin and duplex structures into other structures. Chow et al. reported that interaction of cisplatin occurred preferentially with guanines in the loop region of hairpins, an outcome mediated by loop flexibility and "deformability" [25] . The most extensive effort to probe the role of hairpins in the crosslinking of DNA by cisplatin has been undertaken by the Marzilli group [26] [27] [28] [29] . They employed NMR spectroscopy to elucidate the structural features of the complexes formed between cisplatin or metal ions with the self-complementary DNA sequence G3-D [d(A 1 T 2 G 3 G 4 G 5 T 6 A 7 C 8 C 9 C 10 A 11 T 12 )], which exists as a duplex or hairpin in solution, and its analog G3-H [d(A 1 T 2 G 3 G 4 G 5 T 6 T 7 C 8 C 9 C 10 A 11 T 12 )], which adopts a hairpin structure in solution [27] [28] [29] . Marzilli et al. showed that the intrastrand crosslinking of cisplatin to G3-D depended on the leaving ligand as well as other factors; for example, the G 4 G 5 intrastrand crosslinked product greatly predominated over G 3 . Above and beyond the specific G crosslinking sites, the reaction of the G3-D and G3-H oligomers with cisplatin resulted in the interconversion of secondary structures (e.g., from duplexes to hairpins or hairpins to weaker hairpins and coils). Based on results from denaturing gel electrophoresis experiments and NMR spectroscopy, Marzilli et al. proposed that the G3-D sequence favored formation of an intrastrand G 4 -G 5 crosslinked hairpin over an intrastrand G 3 -G 4 coil upon reaction with cisplatin [27] . With A 7 of G3-D replaced by T 7 in the G3-H sequence, the resulting central TT mismatch destabilized the duplex form and ultimately resulted in a ratio of intrastrand crosslinked G 4 G 5 to G 3 G 4 weak hairpin products of about 3:1 and without a significant dependence on the nature of the leaving ligand of the cisplatin reactant (cis-Pt(NH 3 ) 2 Cl 2 versus cis-Pt(NH 3 ) 2 (H 2 O) 2
2+
) [28] . It was also reported that the addition of Zn 2+ stabilized the duplex form and slightly shifted the distribution of G 3 G 4 and G 4 G 5 products for the G3-H sequence, going from 28:72 G 3 G 4 :G 4 G 5 in the absence of Zn 2+ to 33:67 in the presence of Zn 2+ [28] . A similar shift was not noted for G3-D. Tandem mass spectrometry (MS/MS) has evolved as a compelling strategy for sequencing nucleic acids and determining their structural modifications [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] . Several groups have reported the successful characterization of cisplatin adducts [35] [36] [37] [38] [39] [40] , which is one focus of the present study. For example, Egger et al. elucidated the kinetics and the preferred binding sites of cisplatin (at GG and GTG sites) in double-stranded DNA oligonucleotides [41] . Nyakas et al. demonstrated that the enhanced cleavage of the 3′ -C -O bond next to a GG site in oligodeoxyribonucleotides was catalyzed by the adjacent cisplatin adduction site, as revealed by the formation of a highly characteristic w ion [42] . This same group also elucidated the fragmentation pathways of platinated quadruplex DNA [43] and RNA [44] . More recently, our group reported a comparison of MS/MS methods, including CID, IRMPD (10.6 μm), ETD, NETD, and UVPD (193 nm) as well as hybrid MS/MS processes [45] , termed ETcaD, ET-IRMPD, and ET-UVPD, for characterization of DNA/cisplatin adducts [46] . Based on the latter systematic study, it was concluded that IRMPD offered the best characteristics for pinpointing the cisplatin adduction sites in the fragment-rich spectra obtained for the DNA/cisplatin adducts [46] .
There have been few studies employing MS/MS for the characterization of DNA hairpins and none for adducts of hairpins. Based on comparison of the MS/MS patterns of three isomeric 15-mer ODNs, Mo et al. confirmed that the fragmentation patterns of the ODNs varied depending on whether they adopted hairpin or random structures in solution, thus implying that conformational differences were retained after transfer of the complexes by ESI to the gas phase [47] . The same group correlated the gas-phase hydrogen/deuterium exchange kinetics of hairpin ODNs with their predicted stabilities in solution [48] . Fabris et al. reported that the degree of backbone fragmentation of nucleic acids could be inhibited by specific base-pairing interactions (via masking or shielding certain regions from cleavage), thus showing that the higher-order structures of nucleic acids influenced the resulting MS/MS behavior [49] .
The present study was motivated by our interest in capitalizing on the specificity of MS/MS strategies to differentiate isomeric DNA structures, including those arising from the reactions of ligands with different DNA conformations in solution. As a platform for this objective, we focus on demonstrating the ability to characterize cisplatin adducts produced upon reaction of two ODNs, T 12 )] that were the benchmarks of Marzilli's series of studies described above [26] [27] [28] [29] . We explore the use of LC-MS/MS to evaluate the products of the reactions of each ODN with cisplatin and in the presence of different metal ions (Mg 2+ and Zn 2+ ) in solution. Although the resulting products are characterized in the gas phase, they are formed in solution using typical conditions for cisplatin reactions, and the resulting crosslinked products are secured by covalent bonds, meaning that the adduction sites are not labile during ESI transport to the gas phase. We utilize IRMPD to distinguish between the two types of DNA/cisplatin adducts for each sequence and demonstrate the ability to monitor the preferential formation of G 3 G 4 and G 4 G 5 products as a function of reaction conditions.
Experimental
Materials and Reagents
Single strand oligodeoxynucleotides, G3-D [d(ATG GGT ACC CAT) and G3-H (d(ATG GGT TCC CAT)] were purchased from Integrated DNA Technologies (Coralville, IA, USA) on the 1 μmol scale and used without further purification. Stock solutions were prepared in water at approximately 1 mM and the exact concentration was determined using a Nanodrop ND-1000 spectrophotometer at 260 nm (Wilmington, DE, USA) with the extinction coefficients provided by the manufacturer. 
Crosslinking Reaction of Cisplatin
After the cDDP solution (500 μmol/L) was incubated with water for 24 h at 37°C to form the reactive species
, it was mixed with the corresponding oligonucleotide in a molar ratio of 3:1 (120 μmol/L:40 μmol/L) and then incubated with ammonium acetate (90 mmol/L) for another 2 h at 37°C (or 5 d at 4°C as described for some of the experiments). Prior to mass spectrometric analysis, the reaction mixture was diluted with water to yield a final concentration of approximately 10 μmol/L.
Mass Spectrometry and Liquid Chromatography
Mass spectrometric analysis was performed on a Bruker Daltonics HCTUltra quadrupole ion trap mass spectrometer (Bremen, Germany). The ion charge control (ICC) target was set to 75,000 with a maximum accumulation time of 100 ms. The ion source parameters were set as follows: dry temperature 100°C, nebulizer pressure 12 psi, and dry gas flow 6 L/min for operation in the negative ESI mode. IRMPD was performed using a Synrad (Mukilteo, WA, USA) 50 W CO 2 laser at a wavelength of 10.6 μm. Typical IRMPD conditions included an isolation width of 4.0 m/z, and a q value of 0.1 with the laser operating at a power level of 9 % -10 % (relative to 50 W). The irradiation time was adjusted to optimize the amount of fragmentation observed, typically between 50 and 150 ms. Liquid chromatography was carried out using a Dionex UltiMate 3000 system (Sunnyvale, CA, USA) similar to that previously described [46] . The stacking interaction between A 7 and G 4 in the structure of G3-D, which is presumed to stabilize the hairpin form of G 4 G 5 , may contribute to the significant difference in retention times between the G 4 G 5 and G 3 G 4 adducts for G3-D (in contrast to the very similar retention times for the two isobaric crosslinks for G3 -H). Interstrand crosslinks were not observed to any appreciable extent. Monoadducts, which are known to be precursors in the crosslinking process involving the cisplatin ligands, were detected as low abundance products. Cisplatin reacts with the N7 position of guanine residues to form the initial monoadducts, but the second step of the crosslinking reaction is efficient and rapidly converts the monoadducts to stable crosslinks upon reaction of a second guanine residue. Thus, only a small amount of the monoadducts appeared in the chromatographic profiles (see Figure 1) . As elucidated by the MS/MS patterns described below, the main products were 1,2-intrastrand crosslinks involving adjacent bases (990 % of products) [22] [23] [24] . 1,3-Intrastrand crosslinks or interstrand crosslinks involving non-adjacent guanines are typically far less favored and, in fact, were not detected in the present study. Furthermore, for the ODNs studied the guanine residues on opposite strands (assuming the ODNs may form some duplex-like structures in solution) are so far apart that they are not positioned to allow effective cisplatin interstrand crosslinking. Low abundances of the unreacted single strands were also observed for each ODN in Figure 1 . For these reactions, sodium and potassium adducts, which normally congest the spectra of ODNs and reduce detection sensitivity, were inconsequential because the high concentration of ammonium ions in the mobile phase displaced the sodium and potassium ions. Despite having different retention times upon chromatographic separation, the two expected intrastrand crosslinked products for G3-D or G3-H have identical masses, and their differentiation relies on the generation of unique MS/MS patterns for each adduct. We have previously explored the fragmentation behavior of DNA/cisplatin adducts using an array of ion activation methods [46] . IRMPD resulted in rich fragmentation patterns with respect to production of the most diverse array of fragments, thus allowing the cisplatin adduction sites to be pinpointed [46] . Based on that prior benchmark study, IRMPD was employed in the present investigation for the analysis of cisplatin intrastrand crosslinks corresponding to the major peaks in the chromatograms in Figure 1 . Representative IRMPD spectra are displayed in Figure 2 for the 3-charge state of the G3-D/cisplatin and G3-H/cisplatin intrastrand crosslinks, and expanded regions of the mass spectra are shown in Supplemental Figure 2 . All fragment ions were assigned according to the nomenclature of McLuckey [30, 31] as illustrated in Supplemental Figure 1 . The IRMPD spectra were dominated by abundant a -B and w ions arising from the cleavage of the 3′-C -O bond after initial base loss and internal fragment ions (the latter denoted by Bx:By in which the Bx and By indicate the positions of the nucleobases that are incorporated in the internal products). Supplemental Tables 1 and 2 summarize the m/z values and abundances of the fragment ions in tabular format for each crosslinked ODN, and Supplemental Table 3 shows the IRMPD mass spectral data for the corresponding unmodified ODNs.
Results and Discussion
The discrimination of G 3 G 4 and G 4 G 5 crosslinks is a challenge because of the minor differences in the primary structures of the crosslinks. As a result, they share a large number of identical fragment ions, and chromatographic separation is essential to facilitate differentiation. Although many of the fragment ions produced by the G 3 G 4 and G 4 G 5 isomers have the same m/z values, there are a few key fragment ions that allow them to be confidently distinguished by IRMPD. In Figure 2 , the fragments marked in green (bearing the Pt modification) and in blue (without the platinum modification) are important for localizing the Pt modification and site of crosslink. Expansions of some of these key diagnostic ions are shown in Supplemental Figure 2 . In Figure 2a and b (for ODN G3-D) -. After the Pt modification was located at the G 4 G 5 site, this ion was confirmed as T 2 :G 3 -. Based on the MS/MS spectra, the platination site for each crosslink was identified.
In order to examine trends in the preferred dissociation pathways of the different DNA crosslink structures, the distributions of all the series of fragments arising from cleavage at each backbone bond site were graphically tabulated for the IRMPD spectra, and the corresponding stacked bar graphs are summarized in Figures 3 and 4 . The IRMPD spectra corresponding to the unmodified ODNs are summarized in bar graph form in Supplemental Figure 3 . In terms of cleavage of the number of backbone cleavage sites (11 possible sites for these ODNs), the fragment ion series produced upon IRMPD cover the entire (for platinated G3-H: 11 out of 11 backbone cleavages) or almost entire (for platinated G3 -D, unmodified G3 -D, and G3-H: 10 out of 11 backbone cleavages) ODN sequence, thus providing nearly full sequence coverage. Both the G 3 G 4 and G 4 G 5 structures of each ODN show a non-uniform cleavage pattern upon IRMPD, with a notable preference for cleavage at backbone site 8 (between C 8 and C 9 ) and site 10 (between C 10 and A 11 ). The non-uniform fragmentation pattern indicates that the backbone bonds are not equally prone to dissociation. The bulky crosslinked Pt modification seems to be responsible for a masking effect at backbone bonds 3, 4, and 5 for G3 -D and 5 for G3-H (Figures 3 and 4) relative to the fragmentation of the unmodified ODNs (Supplemental Figure 3) . For both unmodified and crosslinked ODNs, the backbone cleavages at positions 2 and 6 are disfavored owing to the low reactivity of the thymine base (i.e., dissociation of deprotonated ODNs typically is initiated by base loss, followed by backbone cleavage to form a -B and w ions. Thymine loss is disfavored, thus suppressing formation of the corresponding a -B and w ions originating from thymine positions) [50, 51] . For the intrastrand crosslinks of G3 -H, cleavages at the 3 and 4 backbone positions is almost as prominent as cleavages at the 8 and 10 positions, even for the G 3 G 4 adduct. In the sequence of G3 -H, the A 7 of G3-D is replaced with T 7 . A 7 was located inside the presumed hairpin loop and stacked above G 4 for G3 -D. The stacking interaction between A 7 and G 4 stabilizes the hairpin form of G3 -D [26] , whereas in the structure of G3 -H, there is no possibility of such stacking interaction. If there is even some retention of stacking interactions in the gas phase, this might explain why cleavages at the 3 and 4 positions are less prevalent for G3 -D compared to G3 -H. Some evidence for retention of hairpin structure in the gas phase has been reported previously, either based on the formation of specific fragment ions observed uniquely for hairpins [47] , based on hydrogen/deuterium exchange experiments [48] , or based on ion mobility measurements [52] .
Both unmodified ODNs display a significant preference for cleavage at the 5 backbone position (between G 5 and T 6 ) upon IRMPD (Supplemental Figure 3) , a cleavage site that was not favored for the intrastrand crosslinks. This result highlights the suppression of cleavage near the platination site for the G 3 G 4 and G 4 G 5 crosslinks. The unmodified ODNs primarily produce conventional a -B and w ions upon IRMPD, in contrast to the crosslinks which yield a Based on the integration of the chromatographic peaks and the assignment of G 3 G 4 or G 4 G 5 structures from the IRMPD MS/MS spectra, the distribution of the crosslinks was determined (see examples of chromatographic traces in Figure 1 ). The results are illustrated in bar graph form in Figure 5 for the two ODNs as a function of the temperature of the solution and the presence of metal ions (Zn  2+ or Mg   2+ ). In general, reaction of each ODN with cisplatin at 4°C yielded more monoadducts and unreacted ODNs and correspondingly lower abundances of intrastrand crosslinks compared to the reactions undertaken at 37°C. Moreover, the portion of the G 4 G 5 crosslinks relative to G 3 G 4 crosslinks was lower at 37°C than at 4°C for both G3-D and G3-H, presumably because the higher temperature destabilized the hairpin forms in solution due to disruption of the hydrogen-bonds of the base pairs (i.e., partial melting at the higher temperature). For example, for G3 -D, the G 3 G 4 :G 4 G 5 product ratio increased from 17:83 at 4°C to 38:62 at 37°C, indicating greater production of the G 3 G 4 species (or suppression of the G 4 G 5 product). For G3-H, the G 3 G 4 :G 4 G 5 product ratio increased from 29:71 at 4°C to 45:55 at 37°C, likewise indicating enhanced generation of the G 3 G 4 product at the higher temperature.
Metal salts are known to play a role in the adoption of higher order structures of ODNs because the adduction of metal ions can shield negatively charged phosphate backbone groups and thereby modulate repulsive forces arising from more compact secondary structures (such as hairpins) [53, 54] . In the present study, the addition of Zn 2+ or Mg 2+ reduced the preference for formation of G 4 G 5 crosslinks relative to G 3 G 4 crosslinks, resulting in an average G 3 G 4 :G 4 G 5 product ratio of 46:54 for G3-D (compared to 17:83 in the absence of metals) and 37:63 for G3-H (compared with 29:71 in the absence of metals). In each case, the presence of the metal enhanced the portion of G 3 G 4 products, similar to the temperature effect noted above. The observed decrease in the formation of platinated G 4 G 5 crosslinks confirms that incipient hairpin structures (ones that preferentially lead to G 4 G 5 crosslinks) are diminished in the presence of M 2+ or for reactions undertaken at elevated temperature.
In Marzilli's extensive studies of the cisplatin reactions of G3-D, it was reported that the presence of Zn 2+ changed the G 3 G 4 :G 4 G 5 ratio slightly to from 28:72 to 33:67, whereas the addition of Mg 2+ had no effect. Addition of Mg 2+ or Zn 2+ did not change the crosslinked product ratio of the G3-D reactions [28, 29] . Based on our LC-ESI-MS results, in the absence of Zn 2+ or Mg 2+ the G 3 G 4 :G 4 G 5 ratio was 27:73 for G3-H or 17:83 for G3-D. We found in every case that addition of a metal salt to the cisplatin/ODN solutions caused a modest reduction in the preference for formation of the G 4 G 5 crosslink and concomitant increase in the abundance of the G 3 G 4 crosslink, as described and rationalized above.
Conclusions
This work highlights the application of a LC-MS/MS-based method for characterization of cisplatin/oligonucleotide crosslinks in the absence or presence of different metal ions (Mg 2+ and Zn
2+
) in solution and evaluation of the distribution of isobaric crosslinks arising from changes in solution conditions. IRMPD proved successful for differentiation of the two types of DNA/cisplatin adducts for each ODN. Both ODNs exhibited a preference for formation of the G 4 G 5 crosslink over the G 3 G 4 crosslink, and this preference was diminished at higher incubation temperatures or in the presence of auxiliary metals, presumably because of partial disruption of the secondary structure of the DNA in solution. 
